Neisseria gonorrhoeae readily underwent autolysis when suspended in N-2-'hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) When grown in complex media containing glucose, the peptidoglycan (PG) of virulent and avirulent gonococci constitutes 1 to 2% of the dry weight of the cell and contains muramic acid, glucosamine, alanine, glutamic acid, and diaminopimelic acid (DAP) in a ratio of 1:1:2:1:1 (9). A lipoprotein, covalently attached to the PG, has not been demonstrated in Neisseria gonorrhoeae (9, 22) . The PG of this organism turns over at a high rate during exponential growth (approximately 50% per generation) (9). Hebeler and Young (10) reported that the enzyme principally responsible for this rapid turnover was N-acetylmuramyl-L-alanine amidase (EC 3.5.1.28), which cleaves the amide linkage between N-acetylmuramic acid and L-alanine.
When grown in complex media containing glucose, the peptidoglycan (PG) of virulent and avirulent gonococci constitutes 1 to 2% of the dry weight of the cell and contains muramic acid, glucosamine, alanine, glutamic acid, and diaminopimelic acid (DAP) in a ratio of 1:1:2:1:1 (9) . A lipoprotein, covalently attached to the PG, has not been demonstrated in Neisseria gonorrhoeae (9, 22) . The PG of this organism turns over at a high rate during exponential growth (approximately 50% per generation) (9) . Hebeler and Young (10) reported that the enzyme principally responsible for this rapid turnover was N-acetylmuramyl-L-alanine amidase (EC 3.5.1.28), which cleaves the amide linkage between N-acetylmuramic acid and L-alanine.
This enzyme, when extracted by salt and detergent from cell walls and assayed in vitro with
[3H]DAP-labeled PG as the substrate, exhibited a broad pH optimum and was insensitive to Mg2'. No hexaminidase (endo N-acetylglucosaminidase or endo N-acetylmuramidase), which catalyzes the hydrolysis of the glycan backbone of the PG, has been reported in N. gonorrhoeae.
Gonococci resuspended in buffer at an alkaline pH undergo rapid autolysis (8) . This autolysis can be prevented by the addition of divalent cations or by osmotic stabilization (3, 4) ; how-ever, these conditions do not prevent a concomitant loss of viability. Gonococci also lose viability when grown in media containing limiting concentrations of glucose (15) . The loss of viability coincides with glucose depletion and is accompanied by cell lysis. The regulatory mechanisms that trigger these processes in the gonococcus are not known. Since the autolysis of a number of gram-positive bacteria can be correlated with PG hydrolysis, we have undertaken a study of the conditions that influence PG hydrolysis in gonococci suspended in buffer.
MATERIALS AND METHODS
Organism. N. gonorrhoeae strain JW-31 was used in these studies. This strain was originally isolated from a cervical culture of a symptomatic female. A type 4 (T-4) colony type of strain JW-31 was selected after in vitro passage on GC agar (Difco) plates. The maintenance and diagnostic criteria for identification of N. gonorrhoeae were described previously (15) .
Medium and growth conditions. The basal me-the method of La Scolea and Young (11) and used for inocula as previously described (7) . All liquid cultures were incubated at 37°C in a gyratory shaker (New Brunswick Scientific Co., New Brunswick, N.J.). Turbidity was measured by Klett-Summerson colorimetry, filter no. 54 (540 nm). Chemicals and radioisotopes. All reagents were purchased from Sigma Chemical Co., St. Louis, Mo. The following isotopes were obtained from New England Nuclear Corp., Boston, Mass.: [6-3H] glucose (specific activity, 33.9 Ci/mmol); [1-'4C] glucose (specific activity, 9.6 mCi/mmol); [6-3H] Measurement of autolysis. Log-phase cells of N. gonorrhoeae JW-31 (100 to 150 Klett units) were centrifuged (4,100 x g for 5 min), and the cell pellet was resuspended at 100 to 120 Klett units in 50 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) buffer, adjusted to the desired pH with NaOH. In some experiments, the cell pellet was resuspended at the appropriate pH in buffers prepared with either N-tris(hydroxymethyl)methyl-2-aminomethane-sulfonic acid or tris(hydroxymethyl)aminomethane. MgCl2 was added at a final concentration of 10 mM or as indicated. Other additions were made as indicated. Autolysis was measured as the rate of decrease in turbidity at 540 nm. The first-order rate constant k was calculated as k = logio (CO/C1) x 2.303 x min-', where Co and C1 are turbidities at to and ti.
Preparation of labeled PG. N. gonorrhoeae was grown in LGCB containing pyruvate to mid-log phase (90 to 100 Klett units), at which time [6-3H] glucose (0.5 to 2.0 ,Ci/ml of medium) .was added and the culture was incubated for 20 to 30 min. Unlabeled glucose (0.2%) was added, and the culture was incubated for an additional 10 min to facilitate incorporation of any residual [6-3H] glucose in the intracellular pool. Cells were then harvested by centrifugation (4,100 x g for 5 min at 20°C), and the pellet was resuspended in appropriate buffer. Under these conditions, the newly synthesized PG is labeled with 3H. To obtain old 3H-labeled PG, the cell pellet was resuspended in four to five times its original volume in LGCB medium containing glucose and incubated for an additional two generations (average generation time, 75 min). Where indicated, PG from log-phase cells grown in LGCB media with pyruvate was labeled with [6-3H] The clear gel-like pellets were washed twice with 20 ml of water and then suspended in 1 ml of water. Samples (0.2 ml in triplicate) were placed in vials containing 15 ml of Aquasol (New England Nuclear Corp., Boston, Mass.), and radioactivity was determined in a liquid scintillation spectrometer (Beckman Instruments, Inc., Fullerton, Calif.). With these samples, the counting efficiency was 50% for 14C and 33% for 3H, with a 30% overlap of "4C into the 3H channel. In all cases, the overlap of 3H into the 14C channel was less than 0.01%.
Incorporation of labeled substrates. To determine the percentage of radioactivity incorporated into cell material, 0.5-to 1.0-ml samples of cells from cultures growing in medium containing a labeled substrate were pipetted into an equal volume of 20% (wt/vol) cold trichloroacetic acid and incubated at 4°C for 30 to 60 min. The suspensions were filtered onto Whatman GF/C filter disks, and the filters were sequentially washed with 15 ml of cold 10% trichloroacetic acid and 15 ml of cold 95% ethanol. The filters were placed in scintillation vials and incubated for 1 to 2 h with NCS solubilizer (Amersham/Searle). Radioactivity was determined after addition of 10 ml of scintillation fluid (16 Fig. 1 . The rates of autolysis were lowest at an acid pH (pH 6 .0) and in the presence of divalent cations (Mg2e) and was highest at an alkaline pH (pH 8.5) Incorporation of radioactivity into PG. The PG of N. gonorrhoeae exhibits a high rate of turnover during exponential growth (9) . Therefore, we developed a procedure by which to radioactively label PG of strain JW-31 at a high specific activity during a short incubation period. Unless noted otherwise, PG was labeled during a 30-to 40-min period by the addition of [6-3H] glucose to log-phase cultures in LGCB media containing pyruvate as the energy source. Since glucose is metabolized primarily by the Entner-Doudoroff pathway in N. gonorrhoeae (16) , the label in position 6 is readily incorporated into cell material. Figure 2 compares the kinetics of incorporation of [6-3H] glucose and [6-3H]glucosamine into trichloroacetic acid-insoluble cell material during growth in LGCB-pyruvate medium. In the MgCl2 was added at a final concentration of 10 mM.
dicating that both the PG hydrolase and a second event required for autolysis are temperature sensitive. Incubation of the cell suspension at 4°C decreased autolysis in the absence of Mg2+ and decreased PG hydrolysis. The addition of 0.1 M KCl, which slightly stimulated the hydrolysis of purified PG in an in vitro assay system (10), had no effect on PG hydrolysis in intact cells. PG hydrolysis was markedly increased in the presence of 20% sucrose. Sucrose osmotically stabilizes and causes shrinkage of gonococci (4) . Osmotically induced changes in the relationship of the membrane to the PG may enhance PG hydrolysis. Table 4 shows the effect of pH on hydrolysis in cells suspended in HEPES buffer containing 10 mM Mg2+. Cells suspended in buffer at acid pH values (pH 5.5 to 6.5) did not undergo autolysis (Table 1) . However, PG hydrolysis still occurred, but at approximately 50% of the maximum rate. As with autolysis, PG hydrolysis was maximal at pH 8.5. Thus, the stabilization of cell suspensions at acid pH values occurs by a mechanism other than inhibition of PG hydrolysis.
The effect of sulfhydryl and energy poisons on the hydrolysis of PG in HEPES buffer containing Mg2+ is shown in Table 5 . N-ethylmaleimide and iodoacetate inhibited neither autolysis (Table 2) nor PG hydrolysis, whereas Hg2+ inhibited both autolysis and PG hydrolysis. Since gonococci rapidly lose viability upon depletion of glucose from growth media (15) harvested by centrifugation, the pellet was suspended in HEPES buffer (pH 8.5) containing Mg2+, and the rate of PG hydrolysis was measured as before. Release of 3H from PG reflects hydrolysis of old PG, whereas release of "C reflects hydrolysis of newly synthesized PG. The ratio of 3H/'4C in purified PG remained relatively constant during a 60-min incubation period ( Table 7 ), indicating that both the old and new PG of cells suspended in buffer undergo hydrolysis at similar rates.
To determine whether the peptide or glycan moieties of PG were selectively released during PG hydrolysis, cells were grown for two and one-half generations in LGCB-pyruvate medium containing 0.02% glucose, 1 mM lysine, [3H]DAP (2 t,Ci/ml), and [1-'4C]glucosamine (0.5 ,tCi/ml; 54.6,M). The cells were centrifuged and resuspended in buffer, and, at intervals, samples were removed and the PG was purified. Westling-Haggstrom et al. (21) concluded from phase-contrast microscopy and electron micrographs that gonococci grow in two directions; consecutive division planes occur at right angles to each other, which give rise to tetrads. In our laboratory we also have observed tetrad formation in some strains of N. gonorrhoeae (Fig. 4) . The factors that regulate septum formation and cell division in gonococci are not known; in strain JW-31, a high percentage of tetrads was observed in colonies grown on agar medium, whereas diplococci were prevalent in late-log-and stationary-phase cultures grown in liquid media. Exposure of gonococci to penicillin results in bulging of the cell envelope at the site of septum formation (21) , suggesting that these are the areas of new PG synthesis.
Bacteria vary with respect to PG hydrolysis and turnover. In Staphylococcus aureus the principal PG hydrolase activity is an amidase, and both old and new PG show turnover and hydrolysis (6, 23) . In contrast, in Streptococcus faecalis, which possesses a muramidase, PG does not turn over (2) and hydrolysis appears to be confined to newly synthesized cell wall. Bacillus subtilis, in which the principal PG hydrolase is an amidase, shows preferential turnover of old cell wall (13) . In N. gonorrhoeae, it was observed that both old and newly synthesized PG hydrolyzed at similar rates, suggesting that PG hydrolase activity occurs in areas of old wall. The fact that PG turnover during growth follows first-order kinetics over several generations (9) is also indicative of old wall turnover. These data suggest, then, that wall modification or areas of new wall synthesis occur in old wall; this is in agreement with Fig. 4 , which shows sequential septation in two planes perpendicular to each other.
Incubation of gonococci with CAP and RIF suppressed autolysis in buffer and reduced but did not eliminate PG hydrolysis. The finding that inhibition of protein synthesis permits continued activity of the PG hydrolase suggests that the hydrolase does not exhibit rapid turnover and that it is not synthesized in a latent form and subsequently activated by a regulatory protein. The activity of the gonococcal PG hydrolase does not appear to be regulated by the adenylate energy charge of the cell, since addition of inhibitors or exogenous energy sources were without effect.
The relationship between PG hydrolysis and cellular autolysis is summarized in Fig. 5 pholipids extracted from cells suspended in the growth medium contained less than 1% lysophosphatidylethanolamine. The phospholipase A of N. gonorrhoeae was heat sensitive, required Ca2+ for activity, was inhibited by Triton X-100 and other detergents, and exhibited optimal activity at pH 8.0 to 9.0. This pH is also the optimal pH for autolysis. The enzyme was inactive at an acid pH (6.5). Lysophospholipase activity has also been reported in the OM of N. gonorrhoeae (22) . The relationship between cellular autolysis in buffer and phospholipase activities of intact cells is currently under investigation. One can speculate that phospholipase(s) exhibits low activity in intact cells at pH 6. The relationship between Mg2`inhibition of autolysis and phospholipase A activity is less obvious.
Conditions that promote loss of membrane integrity, e.g., removal of divalent cations, activate phospholipase A (1). Thus, alterations induced in the gonococcal OM at pH 8.5 in the absence of Mg2+ or at pH 6.0 in the presence of EDTA may activate phospholipase A or another phospholipase, resulting in hydrolysis of OM phospholipids and in subsequent hydrolysis. In addition, divalent cations (Mg2+ and Ca2+) are also responsible for the integrity of the OM (5, 17) and chelation by EDTA results in release of lipopolysaccharide and OM proteins in gramnegative organisms (12, 18) .
